A comparative simulation study of coupled THM processes and their effect on fractured rock permeability around nuclear waste repositories 
Introduction
This paper presents results from an international, multiple-team simulation study of coupled thermal, hydrological, and mechanical (THM) interactions and their impact on permeability and fluid flow around heated underground nuclear waste emplacement drifts in fractured rock. The study was part of the DECOVALEX-THMC project (2004 through 2007 , which was the fourth in a series of DECOVALEX 3 (an acronym for DEvelopment of COupled models and their VALidation against EXperiments) projects that were first established in 1992 by a number of national regulatory authorities and nuclear waste management organizations (Tsang et al. 2008 ). The added "C" in DECOVALEX-THMC stands for chemical processes. However, the study presented in this paper is focused on THM processes and their impact on fractured rock permeability and fluid flow. This includes heating of the rock mass by the waste package and the resulting thermal-mechanically induced changes in rock stress and fractured rock permeability, as well as their impact on the flow field around emplacement drifts. These changes in rock permeability may be more important for repository performance if they are permanent (irreversible), in which case they would persist after the thermal conditions have returned to ambient-that is, they would affect the entire compliance period.
Two generic repository types with horizontal emplacement tunnels are considered in this study:
Type A-A high-temperature (above boiling) repository in a deep, unsaturated volcanic rock formation,
with emplacement in open gas-filled tunnels, similar to the Yucca Mountain repository concept in the United States.
Type B-A low-temperature (below boiling) repository in a deep saturated crystalline rock formation, with emplacement in back-filled tunnels, a concept considered in a number of European countries.
The initial rock properties for the two repository types were derived from characterization of two major in situ experimental sites that have been part of previous DECOVALEX project phases. The first one, representing Repository Type A, is the Yucca Mountain Drift Scale Test, conducted at Yucca Mountain, Nevada (Rutqvist et al. 2005a ). The second one, representing Repository Type B, is the FEBEX in situ experiment, conducted at the Grimsel Test Site, Switzerland (Alonso et al. 2005) . THM simulations of these two major field experiments under a previous DECOVALEX project have already demonstrated that the short-term (i.e. occurring over several years) coupled THM processes are well understood. In the present study, however, the models are extended and used to predict coupled THM processes for the two repository types over tens of thousands of years.
Four international teams from China, Germany, Japan, and USA participated in this study, using five different numerical simulators for coupled THM analysis (see Table 1 ). Among the five simulators, two main approaches can be distinguished. Three simulators-ROCMAS, THAMES, and FRT-THM-are based on a single-phase fluid flow approach, whereas two simulators-TOUGH-FLAC and Geosys/Rockflow-are based on a two-phase fluid flow (liquid and gas) approach. Several of these simulators have been applied in previous DECOVALEX projects for simulation of coupled processes in systems similar to either one or the other of the repository settings (see Table 1 for a short description of each numerical simulator with source references). In this research task, the codes were adapted and used to simulate coupled THM processes for both of the two repository types.
The simulation study consisted of two distinct parts. First, an initial model inception was conducted to calculate the basic THM responses and stress evolution without considering mechanically induced changes in rock properties. The purpose of the model inception was for the research teams to familiarize themselves with the problem by performing one simulation in which all the properties were explicitly provided. In the second phase, the research teams were to develop their model and input material properties from available site data, with the ultimate goal of predicting mechanically induced changes in 5 hydrological properties and their impact on the flow field. Results of the model inception phase and detailed comparison of the basic THM responses are presented in Rutqvist et al. (2008a) . A detailed description of this task within the DECOVALEX-THMC project and a complete set of results are reported in Birkholzer et al. (2008) . This paper is focused on the second phase, i.e. prediction of mechanically induced changes in hydrological properties and their impact on the flow field for the two repository types over tens of thousands of years. It provides a unique multi-team model comparison of the coupled THM behavior around emplacement drifts of two widely different repository concepts leading to more general conclusions on the impact of mechanically induced changes in fractured rock permeability on repository performance. This paper first briefly presents the model setup and summarizes the main coupled THM responses from the model inception phase. It is shown that the basic THM responses are well understood and that the regional thermal-mechanically-induced stresses can be calculated with confidence. Thereafter, the evolution of the stress field is studied to determine potential mechanisms of mechanically induced changes in permeability. It is shown that for the repository settings considered, the potential for shearenhanced-permeability is small, whereas the dominant mechanisms for changes in permeability are regional thermal stressing and closure of vertical fractures (to a smaller aperture). Finally, the permeability changes and associated impact on fluid flow around the repository drifts are evaluated.
Throughout the paper, a side-by-side comparison of the results for the two repository settings is conducted, which shows that the dominant mechanism for changing permeability is the same, but that differences in the repository settings (such as depths and initial stress) have an impact on the estimated magnitude of permeability changes.
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Model Setup
The simulations were conducted using two-dimensional drift-scale models containing one horizontal emplacement drift, which had different dimensions and thermal load for each repository type (Fig. 1 , Table 2 ). As shown in Fig. 1 , because of repetitive lateral symmetry, the models extend horizontally to the mid-distance between two drifts. The lateral boundaries (vertical sides of the model) permit no flow of fluid or heat across the boundaries and a zero-displacement restriction is applied for the displacement normal to the boundary surfaces. The top boundary, representing the ground surface, was free to move, but with a fixed temperature and pressure, whereas the bottom boundary had a zero-displacement restriction for displacement normal to the boundary at a fixed temperature and pressure.
The initial conditions for the two types were different, corresponding to the respective repository settings (Table 3) . Repository Type A is located at a depth of 250 m with a relatively low initial horizontal stress and high vertical stress (the maximum principal stress). The rock is highly fractured and partially saturated, with most of the liquid water sucked into the rock matrix, whereas the well-connected fracture system is almost completely dry at initial (ambient temperature) conditions. The groundwater table is located at the bottom of the model (550 m depth), and gravity-driven vertical flow is controlled by an infiltration rate of 6 mm/year at the top of the model. Repository Type B is located at depth of 500 m in denser rock, and consequently in situ stresses are much higher, especially the maximum horizontal stress.
The rock is initially fully saturated with the groundwater table located at the top of the model. A vertical gradient in the hydraulic head is assumed by assigning a constant pressure slightly less than hydrostatic at the bottom boundary. This results in a slight vertical flow of 0.3 mm/year, which was used for studying the impact of permeability changes on groundwater flow around the emplacement drift. Although a near vertical flow gradient is not unrealistic if the repository is located below a recharge area, the vertical flow gradient for the Type B repository was imposed merely for comparison of relative change in vertical fluid flow. Table 4 presents some of the basic THM properties defined for the model inception phase. For the model inception phase, all the teams used exactly the same input properties, no data or model uncertainties were considered, and intrinsic hydrologic properties were assumed to be constant, i.e., not impacted by changes in stress. In the second phase, the research teams used the same basic material properties, but derived additional properties for analyzing mechanically induced changes in hydrologic properties. The most relevant for this study is the derivation of a relationship between thermally induced stress and rock mass permeability, which is described in Section 5.1 below.
Results of Basic THM Responses and Stress Evolution
Figure 2 schematically summarizes the simulation results of basic coupled THM responses and stress evolution. A regional temperature increase, ∆T, is the main driving force changing the stress field at the regional scale as well as near the drift. The thermal stress increases substantially in the horizontal direction, because the rock mass is laterally confined (Fig. 2a) . The vertical stress, on the other hand, is much less affected, because the free-moving ground surface allows for vertical expansion of the rock mass. The regional thermal stressing in the horizontal direction is amplified at the drift wall by stress redistribution, causing compressive stress concentrations at the top and bottom of the drift and stress relief at the right and left sides (Fig. 2c) . The thermal stress peaks around 100 to 1,000 years after emplacement, as a result of the peaking regional temperature field. The thermal stress vanishes as the temperature returns to ambient after about 10,000 to 100,000 years (Fig. 2b) .
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In addition to thermal-mechanical responses, complex thermal-hydrological interactions occur in the near field for both Repository Types A and B (Fig. 2c) . In the case of Type A, high temperatures cause boiling and complex heat-pipe effects, which result in drying of the rock near the drift wall. The simulation results indicate that such a dryout zone exists as long as the rock temperature near the drift exceeds the boiling point, which it does for a time period between 50 to about 1,000 years. In the case of Type B, thermal-hydrological interactions are most prominent within the bentonite buffer associated with resaturation of an initially partially saturated bentonite (Rutqvist et al. 2008a) .
Figures 3 and 4 show comparisons of temperature and stress evolutions from five different model simulations. Generally good agreements were achieved for both temperature and stress evolution, especially in the case of Type A ( Fig. 3a and 4a) . The more significant deviations in temperature evolution for Point V1 of Type B (Fig. 3b) can be explained by differences in the use of saturationdependent thermal conductivity in the backfill (Rutqvist et al. 2008a ). Some of the deviations in stress at Point V3 at the drift wall can be attributed to discretization differences (related to element size and the exact location of Point V3 in the numerical grid of the respective model). At Points V6 and H6, located away from the drift, the agreement between the results of all research teams is very good (Figs. 3 and 4).
The near-field thermal-hydrological processes have a negligible effect on the regional temperature field, which implies that the basic thermal-mechanical stresses can be predicted using relatively simple models, without the need for detailed simulations of complex near-field thermal-hydrological processes (Rutqvist et al. 2008a ).
Figure 5 presents the regional evolution of the stress field, using the same scales on the stress axis to emphasize the main differences in thermal-mechanical responses in Types A and B. The differences can 9 be related to the evolution of the heat-power and the thermal stress in comparison with the initial stress field. In Type A, the thermally induced stresses are a little lower, but at the same time, the initial stresses in that case are much smaller. Furthermore, in Type A, the thermal stresses cause the principal stresses to rotate from the initial maximum principal stress being vertical to becoming horizontal at the time of peak thermal stress. In Type B, on the other hand, the stresses are initially already relatively high, with the maximum principal stress being horizontal. In this case, the thermal stressing provides an additional increase in the horizontal stress, without a rotation of the principal stress field.
Potential for Fracture-Shear-Enhanced Permeability
The potential for permeability changes induced by shear slip along pre-existing fractures (shear stress reactivation) was evaluated by the DOE team, through studying the evolution of the principal stresses and comparing them to a Coulomb shear-failure criterion. For example, a Coulomb coefficient of friction µ = 0.6 is the lower-limit value observed for hydraulic conducting fractures and their correlation with maximum shear stress in fractured rock masses (e.g., Barton et al. 1995) . This finding indicates that over the long term, a shear over effective normal stress ratio (τ/σ´n) exceeding 0.6 on a fracture can lead to enhanced permeability. Considering the conservative (bounding) case that a fracture could exist at any point with an arbitrary orientation, the τ/σ´n = 0.6 would correspond to a principal effective stress ratio of (σ´1/σ´3 = 3.12). The factor 3.12 can be derived by reformulating the Coulomb criterion from τ/σ´n-space to σ´1/σ´3-space (see Jaeger and Cook, 1979) . Thus, if σ´1 is about 3 times σ´3, then shear-enhanced permeability could occur. Fig. 6 presents the paths of the principal stresses at a point representing the conditions at the repository elevation but away from the emplacement drift. Included in the figure are also lines representing the principal stress ratios that could be sustained for different coefficients of friction for pre-existing fractures. For both repository types, the principal stress path shows a loop-like behavior, but in the case of elastic rock mass behavior, the principal stress state returns to its initial state when the temperature has returned to ambient conditions after more than 10,000 years.
For Type A, the initial stress field is quite low at a stress ratio corresponding to µ = 0.4 (Fig. 6a ). The thermal stressing causes the principal stresses to rotate, from the initial maximum principal stress being vertical to becoming horizontal at the time of peak thermal stress. A maximum stress ratio corresponding to µ = 0.5 is achieved from about 100 to 1,000 years. Thereafter, the thermal stresses and the stress ratio start to decrease. Overall, the stress ratio for Type A is less than 0.6, meaning that a shear-induced permeability increase is unlikely away from the drift.
For Type B, the initial stress ratio corresponds to τ/σ´n = 0.7 (Fig. 6b) . Such a high stress ratio (above 0.6) indicates that some fractures may already be critically stressed, i.e., on the verge of shear failure or actively slipping. During the first 10 years, the principal stress field moves away from failure, with a stress ratio declining to 0.6. However, from about 100 to 1,000 years, the stress state then moves toward a higher stress ratio and achieves a stress ratio corresponding to τ/σ´n = 0.8 or higher. Because σ´1 is horizontal and σ´3 vertical throughout the 100,000 years period, shear slip would preferentially occur in shallowly dipping fractures (dipping, about 30°). Steeply dipping fractures could not slip, because high horizontal stress would tend to compress those fractures, increasing their shear resistance.
In summary, the results of the analysis indicate that shear-induced permeability changes are unlikely, especially for the stress conditions at Repository Type A. For Repository Type B, shallowly dipping fractures may already be critically stressed and may slip further during the heating period. However, according to the site description of Type B, shallowly dipping fractures are minor cooling joints of limited extent (Birkholzer et al. 2008) . Therefore, widespread shear-enhanced permeability would be unlikely for both repository settings.
Estimate of Permeability Change by Fracture Normal Stress
Considering that shear-induced permeability change would be unlikely, all the research teams focused on estimating potential changes in permeability as a result of changes in normal stress across vertical fractures (normal stress reactivation). Each team developed stress-versus-permeability relationships that were then used to estimate the evolution of the permeability. In this section, we compare each team's estimated stress-versus-permeability function and the calculated permeability evolution for the two repository settings. Figure 7 presents the estimated stress-versus-permeability functions derived by each research team. These functions were derived by (1) adopting a nonlinear relationship between fracture permeability and normal stress, (2) adopting a conceptual geometric model of the fractured media, and (3) calibrating required input parameters against data on stress-induced changes in fracture permeability. From the descriptions of both Type A and Type B repository settings, the fracture system could be approximated by three orthogonal sets, one of which is horizontal and two of which are vertical (Birkholzer et al. 2008) . It was recognized that the calibration should (if at all possible) be conducted against site-specific field data, rather than small scale laboratory samples, because of issues related to sampling difficulties and scale dependencies of stress-versus-flow properties of rock fractures (Rutqvist and Stephansson 2003) .
Stress-versus-Permeability Functions
In the Type A setting, the stress-versus-permeability functions were derived from observations at several field experiments that have been conducted in welded and fracture tuff at Yucca Mountain. These include the G-tunnel heated block experiments (Zimmerman et al. 1985; Zimmerman et al. 1986 ), the Single Heater Test (Tsang and Birkholzer 1999) , niche excavation experiments (Wang and Cook 2005; Rutqvist and Stephansson 2003) , and the Yucca Mountain Drift Scale Test Rutqvist et al. 2008b ). Based on these field observations, the stress-versus-permeability functions were calibrated to achieve upon excavation a maximum of 1 to 2 orders-of-magnitude change in permeability close to the drift wall, as well as a permeability reduction limited to 1 to 2 orders of magnitude upon heating.
Moreover, based on observations at the Yucca Mountain drift scale test, it was concluded that while shear slip along pre-existing fractures may induce local permeability increases, widespread increases of permeability in the rock mass (by orders of magnitude) would be unrealistic (Birkholzer et al. 2008 ).
For Type A, three out of four research teams (DOE, JAEA, BGR) derived their stress-versus-permeability function using the following exponential stress-versus-aperture function:
where b r is a residual aperture, b m is a mechanical aperture, b max is the mechanical aperture corresponding to zero normal stress, and α is a parameter related to the curvature of the function (Rutqvist et al. 2005a ).
The rock-mass permeability was then derived using the cubic law and a fractured model containing three 13 orthogonal fracture sets. The CAS team, on the other hand, used an exponential function that relates permeability to stress changes directly, without going through aperture change and cubic law (Birkholzer et al. 2008) .
For the Type A setting, the resulting stress-versus-permeability functions derived by each team were different, depending on assumptions made during the calibration against the Yucca Mountain field data (Fig. 7a) . The DOE team derived two alternative models (DOE1 and DOE2) that were quite different, because different conceptual models were assumed for each model when interpreting some of the permeability measurements performed at the Yucca Mountain Drift Scale Test. When deriving the DOE1 function, it was assumed that permeability changes measured at the Yucca Mountain Drift Scale Test were the result of aperture changes in the three orthogonal fracture sets . When deriving the DOE2 function, on the other hand, it was assumed that measured permeability changes were determined by aperture changes in one dominant fracture set, which was oriented normal to the axis of the measurement boreholes (Rutqvist et al. 2008b) . JAEA used Equation (1) and a conceptual model of three orthogonal fractures sets, and therefore found a stress-versus-permeability function very similar to that of DOE1. CAS used a different equation, but assumed a conceptual model of one dominant fracture set and consequently obtained a stress-versus-permeability function similar to that of DOE2. BGR used Equation
(1) and, calibrated it against the Yucca Mountain data assuming three orthogonal fracture sets, similar to DOE1 and JAEA. However, BGR ended up with a function somewhat more stress sensitive. The main reason for the apparent stress-sensitivity of the function used by BGR is that they assumed an initial permeability of 1×10 -13 m 2 rather than 3.3×10 -13 m 2 (see Figure 7a permeability values at the initial repository stress range). A smaller initial permeability leads to a smaller initial aperture and to a smaller 14 residual aperture and corresponding smaller residual permeability in the BGR stress-versus-permeability function.
In the case of Type B settings, no site-specific field measurements of the thermal-mechanically-induced permeability change exist; thus, the research teams had to resort to observations from similar crystalline rock sites or laboratory data. DOE and BGR derived their stress-versus-permeability functions from the Barton-Bandis joint model (e.g., Barton and Bakhtar 1982) . These functions were developed from the 
where k n0 and V m0 are normal stiffness and maximum closure at the zero stress intercept of the Bandis hyperbola. According to Barton and Bakhtar (1982) , the basic parameters k n0 and V m0 for Equation (2) could be derived using basic Barton-Bandis joint parameters that were given for the Task B repository setting as Joint Roughness Coefficient (JRC) = 8.83, Joint Compressive Strength (JCS) = 105 MPa, and a residual friction angle of 30.3 degrees (Birkholzer et al. 2008 ).
The Barton-Bandis joint model also provides an empirical relationship between equivalent hydraulic and mechanical (or physical) apertures, which may be written as:
where b h and b are respectively equivalent hydraulic and mechanical aperture (in microns).
For the Type B setting, the resulting stress-versus-permeability functions derived by each team were also different, depending on assumptions made during the calibration. For example, Figure 7b shows that there is a significant difference in the derived stress-versus-permeability functions for DOE and BGR, which were both derived using the Barton-Bandis stress-versus-aperture function in Equation (2). The difference was a result of difference in the derivation of the effective permeability for a fractured rock and the lack of well constrained site specific data for calibrating the stress-versus-permeability functions (Birholzer et al. 2008) . CAS derived a stress-versus-permeability function for the Type B repository site using the cubic relationship between fracture flow rate and fracture aperture and in which the fracture aperture is inversely proportional to fracture normal stress. When comparing the resulting stress-versus-permeability functions to literature data on both core samples and in situ experiments (Rutqvist and Stephansson, 2003) , one might say that the functions generated by CAS and BGR represent two extremes of stressversus-permeability functions in granitic rock.
Simulated Evolution of Vertical Permeability
The stress-versus-permeability functions derived by each team (as shown in Fig. 7 ) were then applied to estimating the evolution of permeability for both Types A and B. An example of the calculated verticalpermeability evolution is shown in Fig. 8 . For both repository types, the vertical permeability decreases as a result of the closure (reduced aperture) of vertical fractures caused by the increased horizontal stress.
Figure 9 compares permeability changes calculated by each team, expressed as a permeability-changefactor defined as k/k i , where k is the current permeability (in this case at t = 1,000 years) and k i is the initial (pre-excavation) permeability. The simulated permeability changes in Types A and B by the different research teams were consistent with each other in that more substantial changes occurred in the case of Type A. Specifically, for Type A, the estimated permeability decrease in the rock mass during the thermal stress peak was about one to two orders of magnitude, with the strongest decreases calculated by the BGR. For Type B, the strongest permeability decrease was a reduction of permeability to a factor of about 0.5 of its initial value, calculated by CAS. The more substantial permeability changes in the case of Type A can be understood from Figs. 6 and 7. In the Type A case, the initial stress is about 3 MPa. During heating of the rock mass, the thermal stress increases to about 15 MPa (Fig. 6a) . According to Fig. 7a , such a stress increase may cause a permeability reduction by as much as one to two orders of magnitude, depending on the assumed stress-versus-permeability model. In the Type B case, the initial effective stress across the dominant vertical fracture set is as high as 27 MPa. During heating of the rock mass, the stress increases to about 45 MPa (Fig. 6b) . However, according to Fig. 7b , an increase of stress from 27 to 45
MPa will cause only a minor reduction in permeability.
In Fig. 9 , also note that the largest permeability reduction tends to occur near or above the drift rather than below the drift. This observation can be understood from the DOE1 results in Fig,. 8a. It shows that the initial permeability is higher as a result of a lower initial stress in the shallower parts. During heating, fractures close to a residual aperture both above and below the repository. However, the lower stress and corresponding large initial permeability causes a more substantial permeability reduction in the shallower parts.
Impact on the Flow Field
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The results for all the research teams showed that for the repository settings considered in this study, the calculated changes in permeability had only minor impact on the regional vertical flow field, whereas the changes close to the drifts were more significant.
For Repository Type A, the vertical flow rate in the unsaturated fractured rock system is controlled by the assumed infiltration rate of 6 mm/year at the top of the model. This vertical flow rate prevails regardless of changes in the intrinsic permeability of the system. In this case, the stress-induced decrease in the vertical intrinsic fracture permeability is offset by an increase in fracture saturation and relative permeability for liquid flow. In other words, the unsaturated system corrects itself to accommodate the 6 mm/year infiltration rate.
The simulation results showed that in the case of Type A, the main impact of stress induced permeability changes may be on the dryout zone near the emplacement drift. For example, DOE found that when stress-induced changes in hydrological properties are considered, the extent of the dryout zone is slightly smaller (Fig. 10a) . It was also concluded that to determine the impact of mechanically-induced changes in hydrologic properties in the near field of Type A, it is important to simulate multiphase flow processes with gas flow and liquid flow in fractures and matrix separately (Birkholzer et al. 2008) . For example, JAEA used a single phase flow model and obtained the opposite results of DOE, i.e. the dryout zone would be slightly larger when considering stress-induced changes in hydrological properties. Thus, while the simplified single phase flow models applied by some of the research teams are sufficient for calculating evolution of thermal stress and permeability, they are not appropriate for investigating the impact of such permeability changes on the multiphase fluid flow behavior in the near field for a high (above boiling) temperature repository.
In the case of Repository Type B, the regional vertical permeability (i.e the vertical permeability in the rock mass outside the zone influence by stress changes around the drift) was reduced to a factor of about 0.5 of its original value when assuming the most sensitive stress-versus-permeability relationship (CAS model in Fig. 7b) . As a result, the vertical flow rate could be reduced to as low as 50% of the original flow rate. The excavation of the drift resulted in local permeability increases of up to two orders of magnitude near the drift wall, resulting in an increased flow rate around the drift. However, an increased permeability around the drift would be more relevant when considering flow along the tunnel rather than vertical flow across the tunnel.
Concluding Remarks
In this study, we conducted a comparative simulation study of coupled thermal, hydrological, and mechanical (THM) interactions and their impact on permeability and fluid flow around heated underground nuclear waste emplacement drifts in fractured rock. Simulations were conducted considering two types of repository settings: (a) open emplacement drifts in relatively shallow, unsaturated volcanic rocks, and (b) backfilled emplacement drifts in deeper, saturated crystalline rocks. In general, predicting mechanically induced changes in fracture rock permeability is a difficult task, given the great uncertainties related to predicting complex mechanical and hydromechanical processes in fractured rock.
However, with an accurate calculation of stress evolution, resulting changes in hydrological properties of the fractured rock mass may be bounded by conservative choices of relationships between permeability and stress within a fractured rock mass.
This analysis shows that the main stress response in both repository settings is an increase in horizontal thermal stress that has two possible consequences on the permeability field. First, an increased horizontal stress tends to reduce the aperture and permeability in steeply dipping fractures. Second, an increased horizontal stress also leads to increased shear stress that could induce shear failure and dilation of shallowly dipping fractures. For the assumed properties and repository settings in this study, shearinduced permeability changes were ruled out, because the shear stresses were not sufficiently high or because shallowly dipping fractures were considered minor-judged not to significantly contribute to fluid flow. This led to a system in which permeability changes during the heating period were controlled by a reduction in vertical permeability, caused by horizontal thermal stress. This reduction in permeability critically depends on (1) an accurate prediction of regional thermal-mechanical stress evolution, and (2) a correctly bounded estimate of the relationship between stress and permeability for fractured rock.
The study showed that predicting the regional thermal-mechanical stress evolution in the rock mass can be done with a high confidence level, because this evolution is controlled by regional heat conduction and thermal-mechanical expansion, processes that are relatively insensitive to local heterogeneities such as rock fractures. Moreover, the regional thermal-mechanical stress evolution is insensitive to complex nearfield multiphase flow processes. On the other hand, the stress-versus-permeability relationship of the rock mass is much more uncertain, because it critically depends on complex local mechanical and hydromechanical interactions of fractures. In this study, different research teams derived a wide range of stress-versus-permeability relationships, based on field experiments and literature data representative for the two repository settings. However, even for the most sensitive relationships between stress and permeability, the impact of mechanically induced changes in permeability on the flow field was relatively small, with most changes occurring in the vicinity of the emplacement drifts.
20
Although the impact of mechanically induced permeability changes was small for the hypothetical repository setting assumed in study, this conclusion cannot necessarily be generalized to other sites. The potential impact of THM processes on hydrological properties has to be done on a case-by-case basis, since the outcome depends on site specific in situ stress field and fracture characteristics. At any site, the evaluation of the potential for and significance of shear-induced permeability changes may be the most challenging and uncertain aspect of this type of analysis. Moreover, the potential coupling to chemical processes (i.e. THMC), for example by thermally enhanced pressure solution of fracture surface asperities (Min et al. 2008) , may also be important for some geological and repository conditions. Tsang 1996, Rutqvist et al. 2001a ). In the late 1990s, this code was extended to unsaturated media with single-phase liquid flow and vapor diffusion in a static gas phase The code has been extensively applied in earlier phases of the DECOVALEX project for THM analysis in bentonite-rock systems , Rutqvist et al. 2001b , Rutqvist et al. 2005b . BGR
Bundesanstalt für Geowissenschaften und Rohstoffe's Research Team: University of Tübingen
GeoSys/ Rockflow
GeoSys/Rockflow is based on object-oriented programming and is developed at the University of Tübingen (Kolditz et al. 2003) . It was first applied in previous DECOVALEX phases for analysis of thermal-hydrological and thermal-mechanical processes and has been extended to THM (de Jonge et al. 2004; Wang et al. 2006) and reactive chemical transport analysis . For the present study, an unsaturated single-phase liquid flow and vapor diffusion is considered. CAS
Chinese Academy of Sciences' Research Team
FRT-THM The FRT-THM (Fluid-Rock Transport simulator) being developed by the CAS is based on MATLAB and C language codes, in which FEMLAB is used as partial differential equation solver . The approach being developed for the present study features an unsaturated single-phase fluid flow and vapor diffusion model approach (Liu et al. 2006a; Liu et al. 2006b ) JAEA Japan Atomic Energy Agency's Research Team, including Hazama Cooperation THAMES THAMES is a finite element program for analyzing coupled THM processes in porous and fractured rock developed at the Kyoto University (Ohnishi et al. 1987; Ohnishi and Kobayashi, 1996) . The code has been extended to unsaturated media with single-phase liquid flow and vapor diffusion in a static gas phase (Chijimatsu et al. 2000) . The THAMES code has been extensively applied in earlier phases of the DECOVALEX project for THM analysis in bentonite-rock systems (e.g. Börgesson et al. 2001; Chijimatsu et al. 2005; Millard et al. 2005) . The complete data set for welded tuff includes multiphase (e.g., retention and relative permeability data for gas and liquid) fluid flow properties for matrix and fracture continua. Table 2 for dimensions and heat load). Figure 10 . Near-field impact of mechanically induced changes in hydrological properties for Repository Type A: (a) impact on the extent of the dryout zone after 1,000 years, and (b) impact on the liquid-fluidflow pattern at 10,000 years (DOE1 analysis). Mechanically induced changes in permeability are considered in the THM results, but not in the TH results.
